ABSTRACT Baseline toxicity levels to a novel semicarbazone insecticide, metaßumizone were established for 25 Þeld populations of Colorado potato beetle, Leptinotarsa decemlineata Say (Coleoptera: Chrysomelidae), from North America. Excluding the susceptible laboratory strain, 50% lethal concentrations of metaßumizone ranged from 0.57 to 1.31 ppm, while response slopes ranged from 1.92 to 4.24 (average ϭ 2.93), and were unrelated to the 50% lethal concentration (r ϭ 0.06; P ϭ 0.76). Beetle populations with known resistance to the neonicotinoid imidacloprid also exhibited the highest LC 50 levels to metaßumizone suggesting at least the possibility of cross-resistance. Additional experiments using a potato leaf-dip bioassay as well as Þeld efÞcacy evaluations conÞrmed the high level of toxicity of metaßumizone to L. decemlineata and demonstrated a potential beneÞt of tank mixing a low rate of the pyrethroid esfenvalerate with metaßumizone at one-tenth the recommended Þeld rate. These research Þndings conÞrm that metaßumizone is highly active against L. decemlineata larvae and adults and could provide an effective alternative insecticide for potato pest management.
The Colorado potato beetle, Leptinotarsa decemlineata Say (Coleoptera: Chrysomelidae), is the most important insect pest of potatoes (Solanum tubersosum L.) in the United States and Europe (Hare 1990 , Weber 2003 . In the absence of control measures in some regions, the beetle can completely defoliate plants resulting in signiÞcant crop loss in potato, and other solanaceous crops (Casagrande 1987 , Weber 2003 . In Virginia, Ͼ50% yield loss typically occurs to potatoes if L. decemlineata is not effectively controlled (Kuhar et al. 2006 . To protect against crop losses from this pest, growers have relied heavily on insecticides for more than a century (Cassagrande 1987 , Weber 2003 , Alyokhin 2009 ). Consequently, L. decemlineata has developed resistance to at least 50 different insecticides and most major insecticide classes (Roush et al. 1990 , Tisler and Zehnder 1990 , Vencill and Zehnder 1993 , Mota-Sanchez et al. 2006 , Alyokhin et al. 2007a , Whalon et al. 2007 ). To continue to effectively manage this pest, new insecticides are needed for insecticide resistance management.
Metaßumizone, (EZ)-20-(2-(4-cyanophenyl)-1-(a,a, a-trißuoro-m-tolyl)ethylidene)-4-(trißuoromethoxy) carbanilohydrazide, was discovered by Nihon Nohyaku (Tokyo, Japan) in the early 1990s and belongs to the new class of semicarbazone insecticides. Metaßumizone has a novel mode of action that disrupts the propagation of action potentials by blocking voltagedependent sodium channels directly without requiring bioactivation (Salgado and Hayashi 2007, Vandecoevering 2007) . Exposure to the compound blocks nerve activity in the target insect resulting in paralysis. The insecticide has benign toxicological and environmental proÞles as well as low toxicity to beneÞcial arthropods and has been registered in other countries outside the United States, and in the United States as a veterinary insecticidal product (BASF Corp., Research Triangle Park, NC). There is also great potential for this insecticide as an agricultural insecticide in the United States as well. In addition to activity against lepidopteran pests (Taylor and Riley 2007) , and several other pest groups (Harden et al. 2008) , metaßu-mizone has also shown promising activity against L. decemlineata (Cutler et al. 2006) . Kuhar et al. (2006) achieved Ͼ95% control of L. decemlineata larvae in potatoes with two foliar applications at 80 g (AI) ha
Ϫ1
. Herein, we report laboratory studies determining the baseline toxicity of L. decemlineata larvae to metaßumizone as well as laboratory and Þeld tests evaluating the efÞcacy of different rates of this insecticide on both larval and adult stages of this pest. Potential synergism with the pyrethroid esfenvalerate is also investigated. These data will provide accurate Þeld efÞcacy rates for metaßumizone for proper labeling of this new insecticide as well as a baseline reference for tracking changes in L. decemlineata susceptibility, so that early stages of resistance can be detected in time to mitigate actions. In addition, because pyrethroid insecticides also act on sodium channels, although in a different way than semicarbazones (Salgado and Hayashi 2007) , there was interest in how this might impact the efÞcacy of metaßumizone when combined in a spray tank mix. Thus, esfenvalerate, [(S)-cyano(3-phenoxyphenyl)methyl (␣S)-4-chloro-␣-(1-methylethyl)benzeneacetate] formulated at 79 g (AI)/liter (Asana XL 0.66 EC, DuPont, Wilmington, DE) was included in some experiments as well. Metaßumizone only was used for the diet-incorporated baseline bioassays, but both insecticides were used in leaf-dip and Þeld experiments. Each chemical in product formulation was diluted with distilled water to prepare stock solutions.
Materials and Methods

Insecticides
Diet-Incorporated Baseline Toxicity Bioassays. Twenty-Þve L. decemlineata populations were collected in 2006 by entomologists from potato-producing areas of the United States and Canada (Table 1) . Of these, seven were known to exhibit signiÞcant levels of resistance to imidacloprid and one was tolerant to spinosad.
Each population, consisting of a minimum of 200 postdiapause or F 1 adult beetles, was shipped to G.P. DivelyÕs laboratory (University of Maryland) and held in rearing cages over ßats of potato plants in a walk-in environmental room. Cages were checked three times weekly to collect egg masses and replenish plants. Eggs attached to leaf discs were either stored at 12ЊC until larvae were needed, or were hatched immediately for bioassays.
In addition, L. decemlineata eggs from a laboratory strain were obtained from the New Jersey Department of Agriculture and hatched to provide test larvae as a susceptible reference population. This strain has been reared continuously for 24 yr without introgression of new adults or exposure to insecticides . It was used to measure variation and reliability in the bioassay procedures. For all bioassay tests, neonate larvae were transferred to fresh potato leaves in petri dishes and allowed to feed for 5 h until ready for testing.
After initial preliminary assays to Þnd the appropriate range of concentrations, baseline susceptibility was determined by allowing larvae to feed on a potatobased agar diet incorporated with concentrations of 0, 0.25, 0.5, 1, 2, and 3 ppm of metaßumizone for 48 h. The bioassay process involved transferring Þrst instars to plastic trays, containing six columns of four wells, each with Ϸ2 ml of diet. Only larvae with red body color and demonstrated mobility were transferred with camel-hair brushes to minimize physical injury. Each tray column contained one of the six insecticide concentrations. Cohorts of eight larvae were placed in each well, and at least three trays were setup for each population. A minimum of 96 larvae were tested per concentration from each pop- ulation. After infestation all trays were covered with Mylar containing small holes for ventilation. Bioassay trays were held in a growth chamber maintained at 24ЊC under a 16:8 L:D photoperiod. Larval mortality was recorded at 48 h. To determine mortality, larvae were nudged with a probe or placed on their dorsal sides and recorded as alive if they ßipped over or advanced one step in a coordinated way. Tests were repeated if control mortality exceeds 20% or if the concentration series did not produce an appropriate range of mortality around the 50% lethal level.
Leaf-Dip Bioassay. Experiments were conducted in 2006 and 2007 at the Virginia Tech Eastern Shore Agricultural Research Extension Center in Painter, VA. Colorado potato beetle adults, egg masses, and larvae were collected from insecticide-free potato Þelds near Painter, VA. Egg masses were placed in petri dishes and maintained at 25 Ϯ 5ЊC with a photoperiod of 16:8 (L:D) to obtain larvae for bioassays. Fresh potato leaves were provided as food for larvae and adults.
Leaf-dip bioassays were conducted to assess the susceptibility of L. decemlineata to metaßumizone. Three treatments were tested: a metaßumizone only; esfenvalerate only; and a combination of the two. Esfenvalerate was evaluated for its potential as a possible synergist or antagonist because pyrethroids also act on sodium channels albeit in a different fashion than metaßumizone. Separate bioassays were conducted on small larvae (Þrst and second instars), large larvae (third and fourth instars), and adults. Serial dilutions were prepared using distilled water. Preliminary tests were conducted to determine what concentrations (parts per million of active ingredient) caused 0 Ð100% mortality. For all three treatments, Þve doses (serial dilutions) plus a control were replicated four to Þve times on 10 adults, 10 small larvae, and 10 large larvae. Potato leaves were obtained from insecticide-free potato plants grown in the Þeld. Leaves used for the experiment averaged 54 cm 2 in size. Leaves were dipped in the test solutions with gentle agitation for 4 s and then placed on plastic drying racks under a fume hood for 1 h. One leaf was inserted into a moistened cube of Aquafoam (Syndicate Sales, Inc., Kokomo, IN) and placed in a 9-cm diameter. Petri dish. For adult bioassays, 10 adults were placed in two petri dishes (Þve adults to each dish) and mortality was assessed at 1, 3, and 5 d. Beetles were considered dead or moribund if they were unable to right themselves or walk a distance equal to their own body length when disturbed (Mota-Sanchez et al. 2006) . For larval bioassays, 10 larvae were placed in each petri dish and mortality was assessed at 24 h and 48 h. Larvae that were shriveled and unresponsive to nudging from a probe were considered dead. Bioassays were discarded and repeated if control mortality exceeded 20%. All tests were conducted under ambient laboratory conditions at 25 Ϯ 5ЊC with a photoperiod of 16:8 (L:D).
Field Efficacy Experiment. Field experiments were conducted on potatoes at the Virginia Tech Eastern Shore Agricultural Research Extension Center in Painter, VA, in 2007. Potato seed pieces (ÔSuperiorÕ) were planted on 15 March. Individual plots consisted of two rows ϫ 6 m long, separated by 0.9 m with plants spaced 30 cm down the row (because of space constraints and loss of plants some plots were only 4.6 m long; however, spray rates and yield were adjusted accordingly). Seven treatments were replicated four times in a randomized complete block design. Suggested Þeld rates as well as rates lower than the Þeld recommended rates (one-tenth of the labeled esfenvalerate rate on potatoes and one quarter of the suggested metaßumizone rate) were tested. In addition, a rate of esfenvalerate equivalent to one-tenth of the lowest Þeld rate was used with metaßumizone (Table  3) . On 21 May, after observations of newly hatched larvae in the Þeld, foliar sprays were applied to all plots. Applications were made using a CO 2 backpack sprayer (R & D Sprayers, Opelousas, LA) equipped with a boom that contained four extended-range ßat spray nozzles, which delivered 355 liters/ha at 275 kPa. A second application was made on 31 May. Post spray counts of L. decemlineata were made on 29 May and 1, 4, and 11 June by examining 10 randomly selected stems per plot and counting numbers of L. decemlineata adults, egg masses, small larvae (Þrst and second instars), and large larvae (third and fourth instars). Percent defoliation was visually estimated in each plot on 6 June. On 29 June both rows of each plot were harvested with a single-row mechanical potato harvester. Tuber total marketable yield was evaluated according to U.S. standards (grade B, small A, large A, and Chef).
Statistical Analysis. Baseline toxicity bioassays were analyzed with standard Probit analysis (SAS Proc Probit, SAS Institute, Cary, NC) to model the concentration-mortality responses to estimate the response slope, 50% lethal concentrations, and 95% conÞdence limit (CL). The Pearson 2 statistic was used to test goodness-of-Þt of the Probit model. The variance and covariance were adjusted by a heterogeneity factor if a small P value Ͻ0.1 indicated a lack of Þt. PearsonÕs correlation analysis was used to determine the degree of association between lethal concentrations of insecticides.
Laboratory bioassays were analyzed using AbbottÕs formula to correct the data for control mortality (Abbott 1925). Lethal concentrations (LC 50 ), along with the 95% conÞdence intervals (CI) and the slope (ϮSE) of the log dose-probit line were calculated using Polo Plus (LeOra Software 2002). To assess the degree of synergism, synergistic ratios were determined by dividing the LC 50 of metaßumizone by the LC 50 of metaßumizone plus esfenvalerate (Bielza et al. 2007 ). The lethal concentrations were considered signiÞcantly different if their 95% CL did not overlap (Shelton et al. 1993) .
To assess insecticide efÞcacy in the Þeld, the effect of treatment was analyzed for numbers of L. decemlineata small and large larvae in various postspray samples, percentage defoliation, and marketable tuber yield using analysis of variance (ANOVA) procedures February 2012 HITCHNER ET AL.: EFFECTS OF METAFLUMIZONE ON COLORADO POTATO BEETLE(Analytical Software 1998). To meet normality, data were transformed using a square root (x ϩ 0.05) transformation before analysis. Proportion defoliation data were arc-sine, square-root transformed before analysis. All mean comparisons were conducted using FisherÕs protected least signiÞcant difference test (LSDs) at the P Ͻ 0.05 level of signiÞcance. To simplify the summarization of treatment effects on L. decemlineata life stages, the efÞcacy data for small and large larvae were reported by using the date with the peak density. Untransformed data were used in all tables.
Results
Baseline Concentration-Mortality Responses. The New Jersey lab reference strain was the most susceptible L. decemlineata population to metaßumizone with an LC 50 of 0.43 ppm (Table 1) . Excluding this laboratory strain, 50% lethal concentrations of metaßumizone ranged from 0.57 to 1.31 ppm (average ϭ 0.86 ppm). All 95% CIs overlapped, so the responses were not statistically different. The majority of responses adequately Þt the probit model and bracketed the 50% lethal level, as indicated by the smaller 2 values. Response slopes ranged from 1.92 to 4.24 (average ϭ 2.93) and were unrelated with the 50% lethal concentration (r ϭ 0.06; P ϭ 0.76). Higher slope values and narrow baseline ranges typically suggest high homogeneity within and between populations, less phenotypic and genetic variation for resistance to develop, and thus less resistance risk.
Of the L. decemlineata populations tested, 19 were also assayed for imidacloprid (G. P. Dively, unpublished data), showing LC 50 levels ranging from 0.32 to 5.91 ppm, while 14 were assayed for spinosad susceptibility, showing LC 50 levels ranging from 0.14 to 4.70 ppm (Table 1) . Bioassay responses to metaßumizone showed a positive correlation with the 50% lethal levels of imidacloprid (r ϭ 0.62; F ϭ 14.1; P ϭ 0.003) and spinosad (r ϭ 0.61; F ϭ 7.13; P ϭ 0.020), suggesting possible cross-resistance with neonicotinoids. In particular, populations from the Eastman Farm in Maine, Kujawski Farm in Long Island, and Cartanza Farm in Delaware have been the most resistant populations to imidacloprid tested to date, and these had the highest LC 50 s for metaßumizone. Figure 1 depicts the pooled concentration-mortality response of all populations based on averages of estimated lethal levels for each population. Predicted LC 50 , LC 95 , and LC 99 were 0.86, 3.46, and 6.22 ppm, respectively. This pooled response represents the best estimate of the overall baseline susceptibility in L. decemlineata populations before Þeld exposure to metaßumizone.
Leaf-Dip Bioassay. Based on serial dilutions in a leaf-dip bioassay, metaßumizone LC 50 values were 0.28, 0.31, and 0.92 ppm for small larvae, large larvae, and adults, respectively (Table 2) . These values are much lower than the LC 50 values for esfenvalerate alone, but not as low as the values for the two insecticides together. To estimate the magnitude of toxic response of the larvae and adults caused by the combination of metaßumizone and esfenvalerate, synergistic ratios were calculated by dividing the LC 50 of metaßumizone by that of the metaßumizone and esfenvalerate mixture ( Table 2 ). The nonoverlapping 95% CI of these LC 50 values indicate a signiÞcant synergistic effect between metaßumizone and esfenvalerate to the adults and small larvae. However, the overlapping 95% CI of the LC 50 values for the large larvae indicate an additive effect.
Field Efficacy Experiment. There was a signiÞcant effect of treatment on counts of small larvae, which peaked on 4 June (F ϭ 12.39; df ϭ 6, 18; P Ͻ 0.0001) ( Table 3 ). All treatments that contained metaßu-mizone had fewer larvae than the control. There was no difference in the two esfenvalerate only treatments and the Ôuntreated controlÕ. Large larvae also peaked on 4 June with a signiÞcant treatment effect on numbers (F ϭ 25.33; df ϭ 6, 18; P Ͻ 0.0001) ( Table 3 ). All treatments except esfenvalerate at 33.6 g (AI)/ha had fewer large larvae than the control. At peak adult activity on 11 June, there was no statistically signiÞ-cant effect of insecticide treatment on L. decemlineata adult numbers observed (F ϭ 2.30; df ϭ 6, 18; P ϭ 0.0796) ( Table 3 ). Counts of egg masses for all sample dates were not analyzed because the numbers were too low to be meaningful.
Defoliation was also affected by treatment (F ϭ 27.40; df ϭ 6, 18; P Ͻ 0.0001) ( Table 3 ). There was signiÞcantly less defoliation in all treatments compared with the untreated control. There was also less defoliation in all treatments that contained metaßumizone compared with the two esfenvalerate-only treatments. Yield data were highly variable, and although there was a signiÞcant treatment effect (F ϭ 4.58; df ϭ 6, 18; P ϭ 0.0055) with the Ômetaßumizone lowÕ and Ômetaßumizone fullÕ treatments having the highest yields, other pests in addition to L. decemlineata such as potato leafhopper, Empoasca fabae (Harris) (Hemiptera: Cicadellidae), and tuber rot pathogens in the soil also likely impacted yield (Table 3) . 
Discussion
Our research showed that the semicarbazone insecticide metaßumizone is highly active against L. decemlineata larvae and adults with predicted LC 50 levels Ͻ1 ppm for our leaf-dip bioassay. In Canada, Cutler et al. (2006) estimated an LC 50 level for small larvae that was 10-fold higher than that of ours. However, in 2007, some of the same authors (Scott-Dupree et al. 2008) retested metaßumizone on Canadian populations of L. decemlineata and found LC 50 levels ranging from 0.98 to 1.57 (average ϭ 1.23). They also tested a lab colony and found an LC 50 level of 0.42. These LC 50 levels are much more consistent with our results, and while one study may have shown higher LC 50 levels, all three of our studies demonstrate that metaßumizone is quite toxic to L. decemlineata even when resistance to other insecticides may be present.
Metaßumizone also demonstrated a high efÞcacy in the Þeld as a foliar spray on potatoes, with a low rate of 20 g (AI) ha Ϫ1 providing the same level of control of L. decemlineata larvae as the manufacturerÕs recommended rate of 80 g (AI) ha Ϫ . Since our experiments were conducted, other researchers have also demonstrated a high level of Þeld efÞcacy with metaßumizone for control of L. decemlineata Doughty 2009, 2010; Sewell and Alyokhin 2010) . It is clear that metaßumizone is an efÞcacious insecticide for control of L. decemlineata, and because of its novel mode of action and low mammalian toxicity, it could be a useful tool for potato pest management.
Because potato growers in the United States predominately rely on neonicotinoids at planting for control of L. decemlineata and because imidacloprid-resistant beetles have shown cross-resistance to other neonicotinoids (Mota-Sanchez et al. 2006 , Alyokhin et al. 2007a , it is imperative that growers alternate insecticides with different modes of action (Alyohkin et al. 2007b ). However, potato growers are limited on choices for effective non-neonicotinoid foliar insecticide treatments. The novel mode of action of metaßumizone and excellent control of L. decemlineata make it a likely future tool for resistance management. However, positive correlations between lethal levels of metaßumizone with both imidacloprid and spinosad suggest possible cross-resistance with these insecticides. However, the overlapping, narrow baseline range (threefold difference) of metaßumizone indicate that populations are still very similar in susceptibility to this insecticide and that any tolerance is probably because of a nonmetabolic excretion pathway (Olson 2000) , independent of the active site. In particular, recent studies suggest that p-glycoprotein transporters in imidacloprid-resistant L. decemlineata actively shuttle toxin and metabolite concentrations Means followed by the same letter within the same column are not signiÞcantly different as determined by ANOVA and Fisher protected LSD (P Ͼ 0.05).
away from active sites and thus can mediate a baseline tolerance to a new insecticide before it is commercially used (G. P. Dively, unpublished data). Other mechanisms of detoxiÞcation and/or insecticide metabolism could be involved as well, as L. decemlineata has exhibited a variety of strategies of pesticide resistance (Roush et al. 1990 , Heim et al. 1992 , Miyo et al. 1999 , Hawthorne 2003 , Mota-Sanchez et al. 2006 . Thus, further studies are needed to substantiate these relationships and to determine whether actual physiological mechanisms for cross-resistance exist before recommending metaßumizone as a rotational insecticide for resistance management in L. decemlineata.
Our research also demonstrated a slight (potential) synergistic effect of the pyrethroid esfenvalerate when tank mixed at a low rate with metaßumizone. Esfenvalerate alone does not provide effective control of L. decemlineata in Virginia; however, when esfenvalerate was combined with one-tenth or one fourth the full Þeld rate of metaßumizone, L. decemlineata adults and larvae were controlled as effectively as with the full dose of metaßumizone. Although the mortality attributed to the combination of esfenvalerate and metaßumizone may be considered additive, the extremely low rate of metaßumizone used with esfenvalerate and the ineffectiveness of esfenvalerate alone lead us to believe that this combination could be synergistic. However, our experiments did not allow a deÞnite conclusion about the true synergistic interactions between esfenvalerate and metaßumizone. A more detailed investigation of this topic using multiple populations of L. decemlineata should be conducted. Synergism in other insecticides has been reported in many studies. For example, organophosphates have been shown to synergize with pyrethroids against numerous insect pests (All et al. 1977 , Asher et al. 1986 , Horowitz et al. 1987 , Martin et al. 2003 , Bonnet et al. 2004 . It has also been demonstrated that low rates of carbamates can be used to synergize pyrethroids (Corbel et al. 2003 , Bielza et al. 2007 ). Regardless of whether true synergism is present or not, it may be a wise strategy in some situations to tank mix esfenvalerate or possibly another pyrethroid with metaßu-mizone given that the cost of pyrethroids is relatively low, and the pest spectrum is much broader than that of metaßumizone alone. For instance, this would be logical for potato Þelds in the eastern United States that are often infested by additional pests such as E. fabae in addition to L. decemlineata. The addition of a pyrethroid would provide excellent control of E. fabae, which would not otherwise be controlled by metaßumizone (Kuhar and Doughty 2010) , and would also likely enhance the efÞcacy of metaßumizone for control of L. decemlineata.
